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Abstract Titania sol was modified with SiO2 and platinum ion to prepare TiO2/SiO2, Pt/TiO2 and
Pt-TiO2/SiO2 nano-photocatalysts. The samples were characterized by means of UV-visible Diffuse
Reflectance Spectroscopy (DRS), X-ray Diffraction (XRD) patterns, Scanning Electron Microscopy (SEM)
and Transition Electron Microscopy (TEM) images, Energy Dispersive X-ray spectroscopy (EDX) and
Brunauer–Emmett–Teller (BET) techniques. The prepared catalysts exhibited photocatalytic activity for
degradation of malachite oxalate green (MG) in water under UV light irradiation. BET analysis confirmed
a significant increase in surface area, which enhanced photocatalytic activity. In comparison with anatase
TiO2 nanoparticles and the commercial Degussa P-25, the prepared photocatalysts showed an improved
photoactivity in comparison with anatase TiO2 nanoparticles and the commercial Degussa P-25. The
results show that the reduced form of platinum deposited is important for modifying TiO2/SiO2 to be
able to operate as a photocatalyst under visible light irradiation.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
It has been reported that some metal oxides act as efficient
photocatalysts and are able to be used for the degradation
of toxic organic compounds in air or water under UV light
irradiation [1,2].
TiO2 is the most attractive semiconductor photocatalysis
applied for elimination of hazardous compounds, due to its
good environmental stability. Low surface area, especially
for industrial catalysts, like P-25 (with surface area about
50 m2 g−1) [3], and the charge recombination are the most
important drawbacks [4], which prevent TiO2 from being a
proper choice. These two factors decrease the efficiency of
photocatalysts. Therefore, much effort is needed to overcome
these difficulties. One way is adding a second metal oxide, such
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Open access under CC BY-NC-ND license.as silica, to the TiO2 [5] to increase the surface area. It is widely
accepted that due to the well-known mixed crystal effect,
mixing another nanostructurematerial can greatly improve the
photocatalytic activity of anatase TiO2 [5,6]. Due to synergy
between the TiO2 photocatalyst and zeolite absorbent, there
are several reports on the enhancement of the photocatalytic
efficiency of TiO2/zeolite composites for decomposition of
organic molecules [7,8]. The second way to increase the photo-
activity of photocatalysts is by dopping some metal particles
to decrease the charge recombination. Brezova et al. [4] have
reported that modification of the photocatalyst by means
of metal ions may significantly change the photoactivity of
TiO2. It was found that Pt/TiO2 can increase the elimination
rate of several organic compounds compared to the TiO2
alone [9–12]. In this respect, it has been also reported that
Pt on TiO2 may have two types of enhancement effect on
the degradation process. One is the photocatalytic activity
due to minimizing electron–hole recombination reactions, and
the other is thermocatalytic activity, which is related to the
surface of the nanoparticle metal. A reduction in electron–hole
recombination reactions enhances the formation of active
oxygen species, which affects the degradation rate [13].
In order to develop visible light responsive metal oxide
photocatalysts, much work has been undertaken, such as the
chemical doping of TiO2 with transitionmetal ions or oxides [1].
Although the TiO2, which is chemically doped with metal ions,
could respond to visible light, in practical applications, these
catalysts show poor degradation efficiency.Whenmetal ions or
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the impurity energy levels formed in the bandgap of TiO2 may
increase the recombination of the photo-formed electrons and
holes [14].
To modify the electronic properties of the semiconductors,
an advanced metal ion implantation method is applied, so that
the absorption capacity for the visible light up to 550 nm
is increased [2,15–17]. In this method, semiconductors are
bombardedwith variousmetal ions accelerated by high voltage.
It is claimed that the absorption band of the TiO2 photocatalysts
implanted with metal ions, such as Cr, V, Fe, Ni, etc. would
shift to visible light regions. The amount and type of metal
ions implanted affect the extent of the red shift. However, slow
reaction rates cause the commercialization of this technology
to be slow.
In this work, we dedicated our efforts to synthesize pho-
tocatalysts with a better quality. Titania sol was prepared us-
ing TiCl4 as a precursor. By modifying titania sols with Pt and
SiO2, TiO2/SiO2 and Pt-TiO2/SiO2 photocatalysts with high sur-
face areas were prepared. Reducing the costs of the synthesis
and also avoiding the use of organic solvents to decrease pollu-
tion were the reasons behind using an inorganic salt precursor
rather than an organic alkoxide precursor [18,19]. The effects
of additives on the structure, the photochemical properties and
photocatalytic activities of TiO2 were investigated by means of
X-ray Diffraction (XRD) patterns, BET surface area, UV-visible
Diffuse Reflectance Spectroscopy (DRS), Scanning Electron Mi-
croscopy (SEM) and Transmission Electron Microscopy (TEM)
images. Decomposition of Malachite oxalate Green (MG) was
chosen to evaluate the activity of the photocatalysts under UV
and visible light illumination.
2. Experimental
2.1. Materials and methods
The reactants used in this study were titanium chloride
(TiCl4), tetraethylorthosilicate (TEOS), H2PtCl6 and nitric acid.
All chemicals were of analytical grade, commercially available
from Merck, and were used as received.
Diffuse reflectance UV-visible spectroscopic measurements
were carried out on a Schimadzu UV-Vis recording spectropho-
tometer 2550, and the UV-visible spectra of MG solutions were
recorded, using a Shimadzu PC1201UV-Vis spectrophotometer.
X-ray diffraction (XRD) patterns of the samples were recorded,
using a D4-Bruker instrument and Cu Kα radiation (λ =
0.154nm). The amounts of Pt loaded on the photocatalystswere
measured by a Varian/Vista-Pro ICPS-7000 ICP analyzer.
Powder surface areas were determined from N2 gas-
adsorption data using the Brunauer–Emmett–Teller (BET) tech-
nique (MICRO MERITICS-Gemini). To examine the morphology
of TiO2 nanostructure catalysts, a CM200FEGTransmission Elec-
tron Microscopy (TEM) was used. SEM images of the powders
were obtained on a Philips-XLΦ30 scanning electron micro-
scope.
2.2. Preparation of catalysts
Anatase TiO2, TiO2/SiO2 1 wt% Pt-TiO2 and 1 wt% Pt-TiO2/
SiO2 nanocrystalline powders were prepared, using a sol–gel
method. Stable sols of TiO2 were synthesized via acid hydrolysis
of the precipitate of the TiCl4 solution with ammonia [20].
In this method, nano sized TiO2 was synthesized by adding
10% NH4OH solution into the titanium tetrachloride solution,
and a white precipitate was obtained at pH 7 and at roomFigure 1: Structure of Malachite oxalate Green (MG) dye.
temperature. The resulting white precipitate was washed with
deionized water until the complete removal of Cl− and NH+4
ions. Then, a certain amount of deionized water was added
to form a suspension. 500 mL of this suspension contained
0.3 M titanium. An exact amount of concentrate HNO3 was
added to the slurry (pH 1.5), with strong stirring, at room
temperature and, then, the slurry was refluxed at 343 K for
24 h. Thus, a stable titanium sol was formed. The sol was dried
at 313 K and calcined at 673 K for 3 h to obtain titanium
oxide [5,21]. For preparation of the TiO2/SiO2 photocatalyst, an
appropriate amount of tetraethylortosilicate (TEOS) was added
to the titanium oxide sol until TiO2: SiO2 equal to 40:60 was
obtained [20]. This sol was dried at 313 K and calcined at 723 K
for 3 h.
Pt-loaded (1% wt measured by ICP analyzer) TiO2 and
TiO2/SiO2 nano-photocatalysts were prepared by the photo-
reduction method [20] under two different conditions. The
appropriate amount of platinum was photo-deposited on the
surfaces of TiO2 and TiO2/SiO2 powders by irradiating with a
125 W high pressure mercury lamp:
I: With continuous bubbling N2 gas throughout the deposition
process,
II: with bubbling N2 gas into the solution for only 30min before
irradiation started.
X-ray Diffraction (XRD) patterns of the powders were obtained.
The Full-Width at Half-Maximum (FWHM) of the highest
intensity peak was used to determine the average crystallite
sizes, according to Scherrer’s equation.
To examine themorphology of TiO2 nanostructure catalysts,
Transmission Electron Microscopy (TEM) was used. Scanning
Electron Microscopy (SEM) was used to measure the homo-
geneity of the particle sizes, and elemental analysis of TiO2/SiO2
material was performed using Energy Dispersive X-ray spec-
troscopy (EDX).
2.3. Photocatalytic activity measurements
Malachite oxalate Green (MG) (a triarylmethane dye), as
a cationic dye, was used as a model compound to test the
photocatalytic activity of the prepared catalysts (Figure 1).
The experiments were carried out in a batch photo reactor
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I) (a), 1% Pt-TiO2/SiO2 (b), 1% Pt-TiO2 (route II) (c), TiO2 (d), and TiO2/SiO2 (e).
with a UV lamp (125 W, mercury lamp) as a radiation source
mounted above it. Also, photo-decomposition of MG under
visible light irradiation (300 W tungsten lamp as the visible
radiation source) was carried out in the presence of the
Pt-TiO2/SiO2 nano-photocatalyst at room temperature. In each
experiment, 200 mg (1gL−1) of nano-catalyst was added to
200 mL of 10 ppm aqueous solution of MG at pH 5. Before
irradiation, the suspensions were stirred using a magnetic
stirrer and maintained for 30 min in the dark to set up the
absorption–desorption equilibrium ofMG. Then, the irradiation
process started and at given intervals, 2 mL of the suspension
was centrifuged to remove the catalyst. Afterwards, the solution
was analyzed by recording variations of the absorption in the
UV-Vis spectra of MG at its characteristic wavelength (λ =
617 nm). For the sake of comparison, similar measurements
were also carried out on Degussa P-25. Since the maximum
absorption intensity (atλ = 617 nm [22]) of solutions increases
linearly with increasing concentration (C) of pollutant, the
degradation ratio of MG, C/C◦ (C◦ is the initial concentration of
MG), can be simply calculated from the ratio of A/A◦ [23], where
A◦ is the solution absorbance at time zero and A is the solution
absorbance at a time t after turning on the lamp.
3. Results and discussion
3.1. Catalysts characterization
UV-visible diffused reflectance spectra of TiO2, TiO2/SiO2,
Pt-TiO2 and Pt-TiO2/SiO2 nano-catalysts are presented in
Figure 2. It can be seen that the TiO2 photocatalyst can absorb
UV light of shorter than about 390 nm [24]. This absorption
belongs to the excitation of electrons from the valence band
to the conduction band in TiO2. Also, Figure 2 shows that
the absorption band of the TiO2/SiO2 appears at a shorter
wavelength than that of TiO2. This is due to the smaller size
of particles in the TiO2/SiO2 material. The absorption bands of
two TiO2 catalysts loadedwith platinum particles (prepared via
different routes I and II) show a contradiction shift. There is a
large increase in the absorption of Pt-TiO2 (prepared by route I)
towards a longerwavelength (Figure 2(a)), while the absorptiona
b
c
Figure 3: XRD patterns of TiO2 (a), 1% Pt-TiO2 prepared by route I (b), and
1% Pt-TiO2 prepared by route II (c): Anatase (A), Rutile (R), Brookhite (B), and
platinum (Pt).
band of the catalyst prepared by route II shifts to the opposite
side, compared to the pure TiO2 powder (Figure 2(c)). One can
conclude that in route I, Pt has modified the properties of TiO2
and consequently affects absorption and shifts it to the visible
light region. On the other hand, the deposition of Pt through
route II does not modify the properties of the TiO2 catalyst
significantly. It is found that the amounts of Pt deposited on
the TiO2 are 80% and 18% of those originally presented in the
solution for route I and II catalysts, respectively. So, the extent of
shifting of the absorption band towards the visible region could
depend on the amount of Pt particles loaded on TiO2. This is in
agreementwith the previous report for the TiO2 implantedwith
V ions [16]. Alternatively, it can be considered that Pt species are
in different forms; metal or oxide [13].
XRD patterns of the samples show that all diffraction peaks
matchwellwith the standard data of the anatase formof Titania
(ICCD cart File NO. 21-1272). The very low intensity peaks at 2θ
of 30.6° and 59.0° indicate the presence of small amounts of
brookhite and rutile structures in TiO2 (Figure 3(a)) and Pt-TiO2
(Figures 3(b) and (c)) catalysts, respectively. XRD patterns of
TiO2/SiO2 (Figure 4(a)) and Pt-TiO2/SiO2 (Figure 4(b)) prepared
at pH = 1.5 show the presence of 100% pure anatase phase
and no characteristic peaks of impurity phases of rutile or/and
brookhite were detected in these samples. It should be noted
that also a characteristic peak for residual amorphous SiO2
can be seen in XRD patterns of TiO2/SiO2 photocatalysts. This
means that these materials consist of TiO2 nanocrystals and
SiO2-base amorphous powders. In route I, Pt was deposited
on TiO2 by the photodeposition method, while N2 gas passing
through the solution contained 1%methanol. In this case, in the
absence of oxygen, methanol acts as a reducing agent during
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Figure 4: XRDpatterns of TiO2/SiO2 (a), and 1% Pt-TiO2/SiO2 prepared by route
I (b): Anatase (A).
Table 1: Crystal sizes and anatase phase percents of Pt/TiO2 and
Pt-TiO2/SiO2 .
Samples Synthesis
route
FWHM % Anatase
pahsea
Crystal
size (nm)
Pt/TiO2 II 0.44 76.77 19
Pt/TiO2 I 0.36 80.65 24
Pt-TiO2/SiO2 I 1.72 100 5
a These values are taken from our previous work [20].
the photodeposition process and thus the reduced form of Pt-
deposited TiO2 was prepared. In the case of route II, since the N2
gas passage through the solution has been stopped, the oxidized
form of Pt has thus been prepared [13]. These results confirm
those obtained from the UV-visible diffused reflectance spectra
discussed above.
The average sizes of the particles calculated by Scherrer’s
equation are 5–24 nm [25]. Addition of SiO2 has decreased the
crystallite size from 24 nm for the Pt-TiO2 to 5 nm for the
Pt-TiO2/SiO2 photocatalysts (Table 1).
In this work, the addition of a second metal oxide has
increased the specific surface area of TiO2 (81 m2 g−1) to
555m2 g−1 for TiO2/SiO2 and to 470.39m2 g−1 for Pt-TiO2/SiO2
photocatalysts, respectively. These surface areas are much
larger compared to those of previous reports using sol–gel and
calcination methods [26].
SEM images of TiO2/SiO2, Pt-TiO2/SiO2 and Pt-TiO2 nano-
particles are shown in Figure 5. These images show that the
prepared catalysts are likely spherical nano-particles.
The TEM photographs of the surface morphology of
TiO2/SiO2 and Pt-TiO2/SiO2 photocatalysts are also shown in
Figure 6. Very small spherical particles are identified in the TEM
images. The sample of the Pt–TiO2/SiO2 is found to have more
uniform nano-particles compared with those of the TiO2/SiO2.
From EDX analysis of the TiO2/SiO2, the Ti:Si ratio is found to
be equal to 40:60 (Figure 7(a)). Also, EDX analysis shows the
presence of Pt in the Pt–TiO2/SiO2 sample (Figure 7(b)).
3.2. Photodegradation of MG
The decomposition of MG was used as a model reaction,
in order to investigate the photocatalytic activity of thea
b
c
Figure 5: SEM images of TiO2/SiO2 (a), Pt-TiO2/SiO2 (b), and Pt-TiO2 (c).
prepared samples under ultraviolet and visible light irradiation.
According to Beer’s law, the absorbance at 617 nm (the
characteristic absorption wavelength of MG) was proportional
to the concentration of MG in the reaction solution. So, C/C◦
would be equal to A/A◦, where A◦ is the solution absorbance at
time zero andA is the solution absorbance at time t after turning
on the lamp.
It is noteworthy that when using these photocatalysts,
the absorption of the visible band at 617 nm decreases,
and, in some cases, a small hypsochromic shift (from 617 to
609–614 nm in 45 min of irradiation) occurs simultaneously
with increasing irradiation time. The rapid decrease of the
absorption maximum indicates the complete removal of the
conjugate structure of the dye [21]. This has happened for both
Pt-TiO2/SiO2 and Pt-TiO2 photocatalysts. For these catalysts,
the absorption peak of MG at 617 nm has not shifted, which
indicates that no intermediate products of N-demethylation
form during photodegradation. It means that the mechanism
of the photodegradation of MG by these catalysts is only via
destruction of the conjugated structure. The hypsochromic shift
is due to an N-demethylation process [27]. By further increase
of the irradiation time, a new band started to form at about
350 nm. It can be concluded that at this stage, the aromatic
rings are broken down to pieces and the intermediate products
display absorption in the UV region.
Figure 8 shows the degradation of MG as a function of
reaction time in the presence of different catalysts under UV
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Figure 6: TEM images of TiO2/SiO2 (a) and (b) and Pt-TiO2/SiO2 (c) and (d).
irradiation. The conjugated structure of the dye completely
degrades after 45 and 60 min irradiation in the presence of
Pt-TiO2/SiO2 and Pt-TiO2 photocatalysts, respectively.
Since the photocatalytic activity of mixed oxides (Ti:Si equal
to 40:60) is much higher than that of pure TiO2, improvementa
b
Figure 7: EDX analysis of TiO2/SiO2 (Ti:Si, 40:60) (a), and Pt-TiO2/SiO2 (b).
Figure 8: Photodegradation of MG in the presence of prepared photocatalysts
and P-25 under UV irradiance.
Figure 9: Spectral changes of MG in aqueous 1% Pt-TiO2/SiO2 suspension
(prepared by route I) under visible light irradiation.
in the photocatalytic activity of TiO2/SiO2 mixed oxide can be
described as:
1. The size of particles of the mixed oxide decreases with
respect to pure TiO2 (the absorption band of the TiO2/SiO2
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Figure 10: Spectral changes of MG solution under visible (a), and UV (b) light irradiation without photocatalyst.is at a shorter wavelength than TiO2) calcined at the same
temperature. In general, in the case of the smaller crystallite
size, the recombination possibility for photogenerated
electron–hole pairs decreases because of reaching the
reaction site on the catalyst surface faster [28]. Also, the
bandgap is increased and this can cause an increase in the
oxidizing potential of the holes generated by photons [29].
2. When the photocatalyst is illuminated by a lightwith energy
higher than its bandgap energy, electron–hole pairs diffuse
out to the surface of the photocatalyst. At the surface, the
electrons and holes can either take part in the chemical
reaction with electron donors and acceptors or recombine.
In the absence of suitable electron and hole scavengers, the
recombination of electron–hole pairs will occur within a
very short time [12].
However, addition of silica can produce stronger acidity and
therefore increases the number of surface hydroxyl groups [30].
Surface hydroxyl groups can accept photoinduced holes from
TiO2 to form OH radicals and then oxidize absorbed molecules.
Hence, the enhancement of the activity of TiO2/SiO2 can be
mainly attributed to Bronsted acidity, which is in agreement
with the previous report by Liu et al. [31]. At the same time,
it was found that the Pt impurity deposited on the TiO2 could
also enhance the photocatalytic activity of TiO2 significantly. As
obvious from Figure 8, Pt-TiO2 and Pt-TiO2/SiO2 photocatalysts
show much higher activity in the degradation of MG than the
TiO2 photocatalyst. Such an enhancement in the photocatalytic
activity has been explained by Yu et al. [32] in terms of
a photoelectrochemical mechanism. In this mechanism, the
electron generated from the TiO2 semiconductors by UV light
irradiation, quickly transferred to the Pt particles loaded onto
the TiO2 surface, where the reduction reaction proceeded. As
a result, these Pt particles enhance significantly the charge
separation of the photo-formal electrons and holes, leading to a
remarkable improvement in photocatalytic performance [32]. It
has been shown that Pt° deposited on the catalyst surface acts
not only as an electron trap center, but also as the adsorption
center of O2 in the photocatalysis [33]. It is observed from
Figure 8 that after 45 min of irradiation in the presence
of P-25 and TiO2 photocatalysts, the C/C◦ ratio decreases
from 1 to 0.546 and 0.4, respectively. However, when using
TiO2/SiO2, Pt-TiO2 and Pt-TiO2/SiO2 photocatalysts, the C/C◦
ratio decreases from 1 to 0.169, 0.04 and 0.0065, respectively.
With regard to shifting the absorption bandofUV-visible dif-
fused reflectance spectra of Pt-TiO2 and Pt-TiO2/SiO2 photocat-
alysts (prepared by route I) to a visible region (Figure 2), thePt-TiO2/SiO2 photocatalyst was used to decompose MG under
visible light irradiation. The experiment showed that the MG in
aqueous solutionwas successfully decolorized using this photo-
catalyst under the visible light irradiation at pH 5 and at room
temperature (Figure 9). A hypsochromic shift has occurred in
the absorption maximum of the degraded solution at various
times. After irradiation under the visible light for 60 min, the
absorption peak shifted from 617 to 601 nm. However, during
irradiation, the intensity of the maximum peak (at 617 nm) re-
duces, while the other two peaks at 424 and 316 nm vanish.
At the same time, an intense peak appears at 350 nm. The pro-
cess of destruction of the conjugated structure is apparent in
the UV-visible spectra of MG under visible irradiation. The ab-
sorption of the visible band at 617 nm decreases as the time of
irradiation increases. This already happened when UV irradia-
tion was used with the same photocatalyst (Figure 8). Degra-
dation of dye molecules proceeds not only by photocatalysis
of semiconductors, but also via a dye-sensitized mechanism. In
this respect, under the experimental condition, the MG decom-
position under visible and UV light irradiation without a pho-
tocatalyst are given in Figure 10. After 60 min irradiation by
visible and UV light, the C/C◦ ratio decreases from 1 to 0.73 and
0.87, respectively. On the other hand, using the Pt-TiO2/SiO2
photocatalyst, after 60 min of visible irradiation the C/C◦ ratio
decreases from 1 to 0.21. As Figures 9 and 10 show, in the pres-
ence of the phothcatalyst,MGdecomposeswith differentmech-
anisms. A new absorption band appeared at ∼ 350 nm, which
may be due to the destruction of the poly-aromatic rings at ini-
tial stages of the process, and intermediateswithout conjugated
structures being formed. Also, the formation of benzophenone
derivatives, p-aminobenzoic acid and aniline, as intermediate
reaction products from the reaction of a triphenylmethane dye
with hydroxyl radicals, has been reported by Saquib et al. [34].
Consequently, it can be concluded that the degradation of MG
using Pt-TiO2/SiO2 as the photocatalyst can occur via differ-
ent competitive processes [22], such as destruction of the con-
jugate structure, N-demethylation and dissociation of ‘‘carbon
methane’’ bonds.
Several possiblemechanisms have been proposed to explain
the visible light activity of metal-doped TiO2 [35]. It has been
assumed that the metal dopant introduces impurity levels
between the conduction and valence bands of TiO2, leading to
a narrower bandgap and therefore enhancing the visible light
absorption. So, it can be concluded that the 1% Pt-TiO2/SiO2
photocatalyst prepared by the sol–gel process is efficient under
visible light irradiation.
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The results of this work show synthesis of the modified
titania is needed to overcome problems caused by the
disadvantages of pure titanium powder. The high activity of
TiO2/SiO2 can be mainly due to the combinatory effects of
an increased surface area and interaction bands between the
titanium nanoparticles and the SiO2 species.
The photodegradation of MG by titania–silica mixed oxides
was enhanced by modifying the catalysts by introducing
platinum particles. The photocatalytic activities of 1% Pt-TiO2
and 1% Pt-TiO2/SiO2 were higher than those of pure TiO2 (and
P-25) and TiO2/SiO2 nanoparticles. The improved activity was
attributed to the electron migration from TiO2 to Pt, due to
large Pt coverage on the TiO2 surface. Consequently, with the
presence of Pt, the electron–hole recombination stops, and
holes remain to participate in the degradation reaction. Also, it
is found that the 1% Pt-TiO2/SiO2 photocatalyst prepared by the
sol–gel process is efficient for the decomposition of MG under
visible light irradiation.
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